tumours; the spontaneous mammary carcinomas and hepatomas were supplied by Dr. 0. Muhlbock of this Institute, to whom our thanks are due.
A fibrosarcoma of the mamma from a female patient was kindly provided by Dr. E. A. van Slooten, surgeon of the Clinic of the Antoni van Leeuwenhoek-Huis. On removal, the tissue was directly placed on crushed ice and used within half an hour. Normal tissues studied were those of white rats of the inbred strain R Amsterdam.
One gram of slices was incubated at 37°C during one hour, unless otherwise stated. The medium consisted of 5 ml. of Krebs-Ringer phosphate buffer (pH 7.4) containing 3 mg. of the labelled glucose. The total activity of each of the three 14C-glucoses amounted to 20 x 5500 counts per minute (see below). Incubation flasks of 50 or 70 ml. provided with a centre well and closed with a rubber serum bottle cap were used. The gas phase was 100 per cent 02. At the end of the experiment 0 5 ml. 1 N NaOH was injected through the rubber cap into the centre well and 0 2 ml. 0 5 N HCI into the medium. After 4-5 hours a layer of toluene was injected into the centre well, the caps were removed and the contents of the centre well were transferred to a BaCl2 solution. The resulting BaCO3 was weighed and assayed for radioactivity with an end-window Geiger-Muller counter. The radiochemical yield (also called the percentage 14C recovery) R, was calculated as 100 x total counts in the BaCO3 of the respiratory 14C02: total counts in the 14C-glucose administered. Total counts were calculated by multiplying specific activities with the amount of BaCO3 recovered (in mg.). Specific activities are given as the counts per minute measured for an " infinitelv" thick layer of BaCO3 under our standard conditions (1.1 square cm. area). Correction was made for self-absorption if necessary. Since 3 mg. glucose was used in each experiment, a recovery of 20 mg. BaCO3 of specific activity 5.5 x 103 would represent a 100 per cent yield.
RESULTS AND DISCUSSION
(a) Incubation of tissue slices with speciftcally labelled glucose; effect of time The use of specifically labelled glucose is based upon the consideration that the carbon dioxide originating from the breakdown of glucose is initially richer in carbon atom 1 than in carbon 6 if the oxidative pathway is operative. Under the latter condition, the early decarboxylation of 6-phospho-3-ketogluconate yields CO2 corresponding with carbon 1 from glucose, whereas the sugar skeleton has to undergo many more metabolic transformations before its sixth carbon atom appears in the Co2 from the citric acid cycle oxidations. Thus, if Rn denotes the radioactivity recovered in the 14C02 from G-n-C14 (G -glucose; n-position labelled with 14C), the ratio R6: R will be smaller than unity. The carbon atoms 1 and 6 are, however, expected to appear in equal rates in the carbon dioxide if the glycolytic scheme is the only route of glucose breakdown (R6: R1 1).
Taking the R6: RI ratio as a criterion it has been found that in all the tumours selected for the present study, the HMP oxidative pathway did participate in the breakdown of glucose. The pertinent data are collected in Table I ; the tumour material included spontaneous and transplanted mammary carcinomas of the mouse, fibroadenomas of the rat mamma, a fibrosarcoma of the human mamma, lymphosarcomas of the mouse, interstitial cell carcinomas of the mouse testis, spontaneous and transplanted hepatomas of the mouse, adrenal cortex carcinomas, granulosa cell and sarcomatoid tumours of the mouse ovary and various mouse sarcomas. Onie of the smnallest 11 : RI ratios was fouiid iin experimiienits with the lymphosarcoma T 86157. Since the results of the tracer experiments may be influenced by the time during which incubation is carried out, an expectation which stems from the very nature of this experimental procedure employed, the effect of the time of incubation on the R6: RI and the Ru: RI ratios has been studied. The results of such an experiment, using T 86157, are illustrated in Table II; .
S.A. of the '4C02 from G-1-14C was initially much higher than that from G-6-14C (1726 against 436 counts per minute after 30 minutes' incubation) but with longer times of incubation the curve representing the S.A. of the latter rose more sharply than that of the former (to 2087 and 1168 counts per minute after 3 hours, respectively). Both the initial level of radioactivity in the 14CO2 and the time course of 14CO2 production in the two cases were consistent with the theoretical expectation assuming that a direct pathway of glucose oxidation such as that formulated for the HMP " shunt " should be operative in addition to the citric acid cycle. The ratios R6: RI and Ru: RI will thus tend to higher values on increasing the time of incubation, Table III illustrates the results of a similar experiment performed with slices of rat heart. In this case the S.A. of the 14CO2 from both G-1-14C and G-6-14C
rise concurrently with time. Although small differences in the R6: RI ratios with time were consistently observed in the latter experiments, the data did not permit the conclusion that the HMP oxidative pathway was present. The latter might perhaps be made apparent if the citric acid cycle oxidations were blocked by adding an inhibitor such as malonate, because such a procedure should result in a situation somewhat resembling very short times of incubation. Addition of malonate to study the conversion of labelled glucose in liver was applied by Agranoff, Colodzin and Brady (1954b) . In the case of a tissue in which the HMP oxidative pathway was completely absent, there should be no difference in the S.A. of, or in the total recovery of isotope in, the 14C02 derived from G-1-14C and G-6-14C; the addition of malonate would here be expected to cause a lowering of both S.A.'s to the same extent.
If, on the other hand, the fall in the S.A. of the 14CO2 from G-1-14C as a result of m-alonate addition should be less than that observed for the 14CO2 from G-6-14C, this would mean that the extra-glycolytic pathway had revealed itself in consequence of the inhibition of the citric acid cycle.
The The S.A. of the 14Ct)2 produced from G_1-14C may be expected to rise under the latter condition, as compared with that collected in the absence of malonate, since the isotope " dilution " by way of the citric acid cycle is prohibited. On the other hand, the 14C-content of the carbon dioxide, originating from G-6-14C, will fall, the citric acid cycle in this case being the only route by which radioactive CO2 can be produced.
The data of Table V show that the latter is invariably found to be true. In the presence of malonate, practically no radioactivity appeared in the carbon dioxide which was produced from G-6-14C by slices of the sarcoma UV 256, the lymphosarcoma T 86157 and the ovarian granulosa cell tumour T 5441, indicating that the citric acid cycle oxidations were almost completely blocked. The carbon dioxide formed in the presence of malonate from G-6-14C by slices of the testicular tumours (T 5358 and T 26554) and the spontaneous mammary carcinomas of DBa female mice contained more 14C than the CO2 produced by the slices of the former group of tumours. This suggests that in the latter tumours oxidation through the citric acid cycle had still taken place, although on a much smaller scale than in the absence of malonate, as judged from the total amount of isotope recovered.
The S.A. of the 14CO2 from G-1-14C in the presence of malonate was higher than in its absence in experiments with four of the tumours (T 5358, UV 256, T 86157 and T 5441); this was not the case with two other tumours (the mammary carcinoma and T 26554) and normal lung tissue. However, the S.A. of the 14CO2 formed from G-1-14C in the presence of malonate by the latter three tissues never showed such a drop as was found when the tissues listed in Table IV were incubated in the presence of malonate.
Consequently, the total recovery of isotope in the 14C02 produced from G-l-14C was not at all or only slightly diminished following the inhibition of the citric acid cycle of all the tumours studied. The same was found for G-u-14C.
This stands in contrast to what was found with the normal tissues listed in Table IV , which were much more dependent upon the citric acid cycle for oxidation. In comparing these results it should also be noted that in experiments with the latter tissues, malonate reduced the quantity of CO2 (recovered as mg. BaCO3) to a greater extent than in the experiments with the tumours.
(c) Effect of monoiodoacetate (MIA) on the 14C recoveries in carbon dioxide Dickens and Glock (1951) have shown-that iodoacetamide in a concentratioln of 001 M had very little effect on the activities of the glucose 6-phosphate and 6-phosphogluconate dehydrogenases of liver. The formation of sedoheptulose, an intermediate of the HMP oxidative pathway, from glucose 6-phosphate and triphosphopyridine nucleotide was not affected in the presence of MIA (5 4 x 10-4M) in our experiments with soluble enzyme preparations from the tumours (Bosch, van Vals and Emmelot, 1956 No radioactivity would be present in the 14CO2 produced from G-6-14C if the glycolytic pathway was completely blocked in the presence of MIA. It was found, however, that the S.A's of the 14CO2 from both G-6-14C and G-1-14C were diminished to about half of the original value. Accordingly the R6: RI ratios did not differ much either in the presence or absence of MIA. Thus. either the glycolytic block had been inefficient or a randomization of the tracer from G-6-14C had occurred as a result of which 14C02 was produced by a pathway other than the citric acid cycle. Since triose accumulates as a result of the inhibition by MIA, an equilibration of tracer via glyceraldehyde 3-phosphate . dioxyacetone phosphate might easily have taken place. A resynthesis to hexose would then mean that carbon atom 6 of the original glucose had been converted into carbon atom 1 of the newly synthesized hexose. This phenomenon would tend to dilute the S.A. of the 14CO2 produced from G-1-14C and in the case of G-6-14C would produce radioactive carbon dioxide through the HMP oxidative pathway. As regards the other possibility of inefficient blocking, when the concentration of MIA was raised ten-fold, the S.A. of the carbon dioxide obtained from only some of the preliminary experiments with G-6-14C, still remained of the same order as the corresponding values of the earlier experiments. Further investigations are being carried out in this connection.
SUMMARY
Normal and neoplastic tissues were incubated with uniformly labelled glucose and glucose specifically labelled in either carbon atom 1 or carbon atom 6. From the recovery of isotope in the carbon dioxide produced, it followed that in all neoplastic tissues studied a marked difference in the rates of metabolism between carbon atom 1 and 6 did exist.
Furthermore, observations on the effect of the time of incubation and of the presence of a citric acid cycle block (malonate) were consistent with the view that the hexose monophosphate oxidative pathway was involved in the glucose metabolism of the tumours. In some experiments the effect of a glycolytic block (monoiodoacetate) was also studied. In a number of normal rat tissues (heart, kidney, brain, diaphragm) the existence of the hexose monophosphate oxidative pathway was only revealed when incubation was carried out in the presence of malonate.
